Odours play a critical role in the behaviour and physiology of many species. For mice and probably many other species, including humans, an individual's olfactory identity (its odourtype) is coded in part by a pattern of volatile compounds that is regulated by genes in the major histocompatibility complex, a string of linked genes that is intimately involved in immune function. The mouse olfactory system is exquisitely sensitive to minute variations in odourtypes. Layered within these chemical signals of individuality is information on the age and health status of the mouse. In the case of age, it appears that information is coded based on a pattern of volatile metabolites; we do not know how a mouse detects, for example, the presence of a viral infection in volatiles from an infected mouse. This chemical information serves to regulate mate choice and other aspects of social behaviour.
Introduction
For humans, the sight of another person may provide the observer with a vast amount of information. Among the kinds of information available are more or less constant characteristics such as ethnicity, sex, age and individual identity. More effervescent signals include mood, motivational state and even health status. Visual signals may not always be interpreted correctly (e.g. eyewitnesses of crimes may mistake one individual for another) or the message itself may be falsified (as for actors pretending to be a different age or having a different mood), yet it is remarkable how accurate people are at making these distinctions and how difficult it is to explain what exactly distinguishes one person from another or how one knows that someone is angry or sick.
This problem of identifying the nature of the signals that permit discriminations such as those discussed above is compounded for investigations of sensory stimuli that are not as salient as vision for human observers. In particular, it is known that all the information available to us by seeing is transmitted by chemical signals in many species. Indeed, even in humans such chemosensory-based communication is probably much more widely used than is consciously reported. Yet, humans do not think in terms of odours; they do not even have words for most odours.
Use of information
The presence of information and how it is used are entirely separate issues. Although an animal may obtain information from visual or chemical signals from another individual, the behavioural or physiological response can vary depending on the context. This can be illustrated most clearly from the response to (the 'meaning' of) the odour of burning Key words: MHC, MMTV, odour, pheromone.
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wood in two situations: following the building of a campfire in the woods compared with the same odour smelled in a crowded theatre following the cry of "Fire!" [1] . Thus the way an individual uses information can only be determined by specific experiments that study the signals in specific behavioural contexts.
Determining the information available
This obvious context effect has important implications for the design of experiments to investigate information in chemical signals. Although what information is available in a signal and how it is used are separate issues, there is a tendency to confuse them. A failure to find that an animal discriminates between two stimuli in the context of one particular preference study not only says nothing about whether or not these stimuli can be distinguished, but also says very little about whether they are discriminated under conditions of natural behaviour.
The most straightforward technique to determine the discriminability of two signals (i.e. whether or not they contain different information) is to test whether the sensor in question (in most of the studies discussed in this essay this is a mouse) can be trained to tell them apart. It is certainly the case that if the mouse spontaneously discriminates between them, e.g. it prefers to be near one of them or behaves in a particular way in response to only one of them, this proves that they are discriminable. When this is not the case, when, for whatever reason, the animal has no preference or specific behavioural or physiological response that can be determined, some sort of learning test is required.
What types of learning tasks are most appropriate to reveal information available in a biological signal? We have used a classical associative-learning Y-maze-training technique where the mouse is trained to discriminate between, for example, samples of urine from individuals differing only in their MHC (major histocompatibility complex) types using a water reward for water-deprived trained mice [2, 3] . An alternative learning technique, 'habituation/dishabituation', has been claimed to be more natural, apparently because the trained mice are presumed to be responding more spontaneously [4, 5] . In the habituation/dishabituation technique [6, 7] for testing of odours, a sensor animal is given several consecutive samples of a signal source, for example urine of a particular MHC type, and the amount of time taken to investigate each is recorded. Generally, the sensor investigates less for each consecutive sample; presumably the sensor habituates (or perhaps adapts) to the same signal when it is experienced repeatedly. When a novel sample is introduced, for example from a different MHC type, the mouse 'dishabituates' and investigates the novel sample more than it did the previous sample. This does indeed prove that the mouse can discriminate between these samples, providing that all the appropriate controls have been conducted.
It has been argued that the habituation/dishabituation assay is superior to Y-maze training (and presumably similar learning tasks). Two related arguments have been used to support the presumed superiority of this method [5] . First, it is claimed that this method is more natural as it taps into the mouse's spontaneous behaviour. Animals that undergo this procedure have been (inaccurately) termed 'untrained' [6] . However, in this technique, the training can be conceived as repeated exposure without reward. Habituation is generally viewed as among " . . . the simplest and most pervasive forms of learning" [8] . Odours are important stimuli for mice and it is not surprising that they investigate an odour that is relatively unfamiliar or novel; within bounds, novelty often elicits exploration. But this says little about the relevance or importance of that odour to the mouse. Indeed, in this assay, mice investigate these odours for no more than 10 s, often less than 5 s, even for the novel odour [6] .
Although it is presumed that this technique really involves habituation, this is not necessarily so. It is possible that receptor adaptation rather than central habituation could account for the entire phenomenon: differential stimulation and adaptation of receptor elements could provide a different pattern of input to the mouse's central nervous system that is interpreted as a different or even as just a stronger signal (a series of dilution studies would be valuable to investigate this).
Secondly, it has been claimed that the Y-maze training technique is flawed (as it can "induce behavioural artefacts" [5] ) because it can increase specific odour sensitivity in the trained mouse. This argument is based on work performed largely at the Monell Center [9] [10] [11] , which demonstrates that extensive focused exposure of humans and mice to an odour at low intensity levels can increase the sensitivity of the exposed organism (a person or a mouse) to that odour. In mice that live under normal conditions (i.e. not in a cage in a laboratory), exposure to low levels of biologically derived odours, such as MHC odourtypes, may be the rule rather that the exception. The 'natural' situation may thus be one of extreme sensitivity and laboratory testing of relatively unexposed mice is where artefacts appear. Moreover, heightened sensitivity in the context of repeated exposure could indicate that a signal has particular importance or biological relevance for an animal and it is therefore quite possible that, if this phenomenon exists for mouse biological odours, it could only be revealed using our more rigorous training techniques.
Indeed, the Y-maze technique (in common with many associative-learning techniques) has many profound advantages for the evaluation of the information content in biological signals. Perhaps the most useful is that it allows one to test, using probe trials, for odour similarity. In learningtheory terminology, one can test the generalization gradient for the conditioned stimulus [8] : in this case, the mouse-urine odour. This essentially allows one to ask the sensor animal about the degree to which two odours smell alike [12, 13] .
In the end, the value of a technique is determined not by rhetorical arguments but by its success in discovering biologically interesting and significant results. By this measure, the Y-maze technique has proven its utility. The habituation/dishabituation technique has rarely revealed novel findings concerning MHC odourtypes (Table 1) ; it has typically produced confirmatory results. Although differences between techniques were reported concerning the presence or absence of MHC odourtypes in germ-free animals, this has been resolved; the odours are present, but are apparently at low levels in germ-free animals (reviewed in [14] ). Recently, data have been reported using the habituation/dishabituation test [15] that seem inconsistent with some of our earlier Y-maze findings with mutant mice. Further experimental work will resolve this issue but we stand by our fully documented finding that one mutant, bm1, can be discriminated by trained mice. We have reported on no training studies with other mutant mice so have no claims on whether, under rigorous Y-maze training conditions, they could be discriminated.
To determine the information available in a chemical signal, a training paradigm is most potent. Of the training techniques available, the Y-maze associative-learning technique or any comparable rigorous learning paradigm, although not perfect, will certainly be superior to the habituation/dishabituation technique for the reasons outlined in the preceding paragraphs. Finally, it should go without saying that negative results using any technique are not easily interpretable.
What information is available in mouse chemical signals?
In the present paper, we briefly describe research on three classes of information that we have been particularly interested in: individual identity, age and disease.
Odorous signals of individuality
For over 25 years, we have investigated the role of the genes in the MHC in provisioning mice with an odour that we have termed its MHC odourtype. This work has been extensively reviewed elsewhere (see references in Table 1 ) and will not be detailed here. Table 1 outlines some of the lines of evidence that support this hypothesis in mice, rats and humans. We believe that this evidence is now overwhelming: Germ-free animals (M) [46] Chemical fractions: congenic animals (M) [16] MHC mutants (M) [47] Chimaeric animals (M) [48] Pregnant females according to foetal MHC type (M) [49] Various body fluids (M) [50] Outbred (M) [51] MHC-deficient animals (M) [52] Direct evidence: learning experiments (habituation)
Congenic animals (M, R) [6] (M); [7,53,54] (R)
MHC mutants (M) [15] Germ-free animals (R) [4, 55] MHC genes code for a volatile signal in body fluids that serves communicatory functions. The exact identity of these volatile signals remains to be determined, although progress is being made in their identification [16] . Furthermore, although there are several related hypotheses to explain how these genes code for odourtypes [17] , the pathway from gene to odour is still not understood. MHC odourtypes are clearly not the only signals of olfactory individuality. We showed that, in urine-odour volatiles, MHC differences account for approx. 50% of the individual variance. Genes on the sex chromosomes are also involved. Recent evidence implicates mouse urinary proteins as signals of individual identity [18] . This multiplicity is not surprising. If one considers the human visual analogy, it would be naïve to assume that a single sensory attribute or feature would account for something as complex and patterned as individual recognition. However, we hypothesize that MHC odourtypes, due to the inherent extensive genotypic variability of this set of genes, may be primary, much like facial recognition seems primary for human individual identity.
Odorous signals of age
In addition to the individual identity of another organism, can its age be determined by chemical signals alone? Theoretically, older males may be preferred mates because they carry 'good' genes that account for their viability [19] . How females discern a male's age is a matter of question and probably involves a range of sensory and behavioural signals, but for rodents, scent is a likely vehicle. Although dietary and hormonal changes that occur at specific ages, and physiological changes in very old individuals, are surely accompanied by body odour changes, we examined if, within normal reproductive ages, there are age-related changes in body odour. To investigate this issue, our standard Y-mazetraining paradigm was used.
These recent studies have shown that, as mice age, their odours change (K. Osada, N. Yamazaki, M. Curran, J. Bard, B.P.C. Smith and G.K. Beauchamp, unpublished work). Older male mice can be discriminated from otherwise identical younger adult, sexually mature individuals. We have also begun to determine the identity of the odorous chemicals involved in mediating this discrimination. We have found that this odour change is due, in part, to a change in the pattern of volatile compounds found in urine. Based on the identity of these compounds, we suggest that this age-related odour change may reflect age-related changes in the immune system.
These studies demonstrate that mice can discriminate among otherwise identical mice of different ages based on urine odours alone. The mechanisms that underlie age-related changes in urinary odour compounds are unknown. It has been reported that female voles are attracted to the odours of older male voles, as might be expected from theoretical predictions based on a 'good genes' model [20] . If, as we suggest here, one cue for aging is age-related changes in immune function, and if older animals are favoured by females, a potential conflict is evident. Males might be tempted to exhibit premature signs of age to increase their likelihood of passing on their genes. Countering this would be a loss of immune function (presuming the changes in body odour are necessary consequences of functional loss) that would be detrimental to the male's health. Indeed, this conflict might be a way to ensure that signals of age remain honest. Clearly, further experimental work is needed to determine, in mice, whether or not aged males are preferred mates by females.
Odorous signals of infection
A number of studies indicate that an animal's odours change following an attack by infectious agents [21] . In particular, it is known that infection by various intestinal parasites alters body odour and that infected animals therefore may be rendered less attractive. Little is known, however, about the mechanisms of these odour changes or how ubiquitous disease-related odour changes are. For example, if an animal's odour changed following infection in a non-specific manner, owing to changes in eating patterns or to stress, for example, this would have very different implications than if the change was a more fundamental specific response to a particular disease vector. In the latter case, the specific disease might be determinable based on only the odour.
To investigate this issue, we have turned to an animal model for which genetic and environmental factors are held constant and only the presence or absence of the disease vector is allowed to vary. The model system is the mouse mammary tumour virus (MMTV) that can be used to test for changes in odour profiles that arise before overt disease from infection with an oncogenic retrovirus or from its premalignant (mammary nodules) and malignant sequelae [22] . Such mammary tumours are notably lacking in cachectic, metastatic and other general systemic effects on the host that might be expected to alter body odour in a non-specific manner.
Infectious MMTV is acquired by newborn pups as they suckle on mothers that shed virus into their milk [22] . MMTV replicates by reverse transcription of its RNA genome into DNA, leading to chromosomal integration in infected cells. Since infection is easily induced when the virus is received during the early postnatal period of immunological tolerance, and since MMTV can be transmitted in the milk, strains of genetically identical mice can be produced by foster nursing. These mice differ from non-exposed mice of the same inbred strain only in the presence of productive MMTV infection. During the course of an MMTV infection, a virally encoded protein, termed the superantigen, is presented by the MHC Class II on B-cells to T-cells. After their activation, these T-cells are deleted from the immune repertoire through apoptosis. Because MMTV infection has such a profound effect on the T-cell repertoire of infected animals, it is possible that the viral phenotypic odour we have reported is related to this alteration in the immune system mechanisms.
MMTV can also be transmitted genetically as an endogenous pro-virus. Most mouse strains have one or more endogenous pro-viruses but they rarely produce viral particles that can be transmitted exogenously. Nevertheless, as with exogenous MMTV, endogenous pro-viruses cause specific deletion of T-cell subpopulations during the neonatal shaping of the immune repertoire. Consequently, MMTVtransgenic mice, rather than showing a gradual deletion of superantigen-cognate T-cells, essentially have them deleted from birth. If the effects of exogenous MMTV are due to activity of the viral genes, endogenous MMTV should also be characterized by a specific odour.
Our MMTV studies also used our standard associativelearning Y-maze training and testing procedures. Methods and results are described in detail in [23] . Very briefly, mice were successfully trained to discriminate between urine odours of mice that were identical except for the absence or presence of MMTV infection transmitted either environmentally, from mother to offspring, or genetically. This odour distinction based on the presence of virus occurs in the absence of overt disease: all urine donor animals appeared healthy and there was no influence of infection on body mass. The mechanism by which this occurs is not known.
After ingestion in infected milk, MMTV crosses the intestinal barrier of neonates and invades the lymphoid cells of Peyer's patches and spreads to all lymphoid organs before arriving at the epithelial cells of the mammary glands: its 'jumping-off point' to the next generation [22] . Because there is a superantigen encoded in the virus, infection is accompanied by deletions in the T-cell repertoire; this also occurs in genetically transmitted MMTV. Thus the odour differences observed between mice with and without MMTV may be attributable to MMTV-associated perturbations of the immune system rather than to the virus itself.
Body odours of animals that are infected with certain parasites (e.g. protozoa and nematodes) and viruses are avoided [21] . Generally, such findings have come from studies that have evaluated odours of animals with acute illness. It would be of interest to determine whether mice that harbour latent exogenously transmitted MMTV infection are also avoided. There are indications that endogenous MMTV provides protection against exogenous infection. Consequently, a mating preference for mice with genetically based MMTV might be expected.
Whether these odours are specific to different types of MMTV or to other viruses, and the extent to which viral and other diseases can be diagnosed prior to any overt symptoms in mice or other organisms, such as humans, should be investigated. There have been anecdotal reports of dogs' abilities to detect skin cancers. It should be possible to verify this in a controlled study such as we have described here. Our current model system is particularly timely since several recent studies (e.g. [24] ) have implicated MMTV-like genes in some human breast cancers. Also, there is a wide variety of other viral diseases, for which obvious symptoms are slow to develop, that could be investigated for unique odour production.
Summary
In many species, body scent can convey much information between individuals. Powerful learning techniques can reveal this information, although how an animal may use it requires other experimental approaches. Information on individual identity, prominent in mouse body odours and particularly dependent on MHC genes, has been strongly implicated in mate choice, familial care and neuroendocrine balance. Information about age and health status, also definitively demonstrated in mice, may also play prominent roles in social behaviour, although studies to verify this need to be conducted.
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